Abstract. The goal of this study was to show that myelin and axons in cortical gray matter are damaged in Alzheimer's disease (AD) brain. Superior temporal gyrus gray matter of AD patients (9 male, 14 female) was compared to cognitively normal controls (8 male, 7 female). Myelin basic protein (MBP) and a degraded myelin basic protein complex (dMBP) were quantified by Western blot. Brain sections were immunostained for MBP, dMBP, axonal neurofilament protein (NF), autophagy marker microtubule-associated proteins 1A/B light chain 3B precursor (LC3B), amyloid-␤ protein precursor (A␤PP), and amyloid markers amyloid ␤ 1-42 (A␤ 1-42 ) and FSB. Co-immunoprecipitation and mass spectroscopy evaluated interaction of A␤PP/A␤ 1-42 with MBP/dMBP. Evidence of axonal injury in AD cortex included appearance of A␤PP in NF stained axons, and NF at margins of amyloid plaques. Evidence of myelin injury in AD cortex included (1) increased dMBP in AD gray matter compared to control (p < 0.001); (2) dMBP in AD neurons; and (3) increased LC3B that co-localized with MBP. Evidence of interaction of A␤PP/A␤ 1-42 with myelin or axonal components included (1) greater binding of dMBP with A␤PP in AD brain; (2) MBP at the margins of amyloid plaques; (3) dMBP co-localized with A␤ 1-42 in the core of amyloid plaques in AD brains; and (4) interactions between A␤ 1-42 and MBP/dMBP by co-immunoprecipitation and mass spectrometry. We conclude that damaged axons may be a source of A␤PP. dMBP, MBP, and NF associate with amyloid plaques and dMBP associates with A␤PP and A␤ . These molecules could be involved in formation of amyloid plaques.
INTRODUCTION
Alzheimer's disease (AD) is characterized by progressive memory and cognitive impairment associated with extracellular senile plaques and intracellular neurofibrillary tangles in the brain [1] . Although cognitive dysfunction in AD correlates with amyloid-␤ (A␤) and tau pathology, the roles of A␤ and tau in the pathogene-sis of AD are still being elucidated. Additional cellular abnormalities may also contribute to AD including disruption of cerebral white matter.
In his original description Alzheimer noted intracellular lipid deposits in cerebral white matter [2, 3] . The role of lipids in AD received additional support when an apolipoprotein E4 (ApoE4) variant was associated with late-onset sporadic AD [4, 5] . Recently, other myelin lipid alterations have been reported in AD [6] [7] [8] [9] further supporting the possibility that myelin injury is involved in the pathogenesis of AD [6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Indeed, initial amyloid deposits develop in poorly myelinated gray matter areas [22, 23] and myelin breakdown is observed at the earliest stages of AD pathology [9, 10, 12, 15, 21] . Imaging studies also demonstrate greater loss of myelin integrity in patients with AD compared to normal aging and this loss precedes the onset of cognitive impairment [10] .
Based on these findings, we hypothesized that axon and myelin damage occur in AD gray matter, and that accumulation of myelin breakdown products might associate with amyloid plaques in late-onset sporadic AD brains. We find evidence of axonal damage in AD brain associated with appearance of A␤PP in fragmented axons. An antibody that detects injured white matter showed that a degraded myelin basic protein complex (dMBP) was increased in AD gray matter, myelin basic protein (MBP) is present at the margins of amyloid plaques, and dMBP co-localizes with A␤ in the core of amyloid plaques. The data suggest that axon damage leads to A␤PP accumulation at sites of damage which might serve as a source of A␤ in AD plaques. The myelin damage could be the result of toxic effects of amyloid or secondary to the axonal injury and be deposited in already formed plaques. Alternatively, though intact MBP is reported to bind and degrade A␤ [24] , dMBP may only bind A␤ but not degrade it and therefore could contribute to formation of amyloid plaques in AD brain.
MATERIALS AND METHODS

Brain samples
The Institutional Review Board approved the study, and informed consent was obtained for all study participants. The diagnosis of AD was made by board certified neurologists and confirmed by certified neuropathologists. AD was rated using CERAD criteria [25] and Braak stage [22] . A total of 38 brains including 23 AD and 15 controls were studied. Brain tissue was provided by the Alzheimer's Disease Center at University of California Davis. The superior temporal gyrus was studied since this region is commonly involved in AD. Controls were age-matched individuals without cognitive deficits as determined by neuropsychological testing at the UCD Alzheimer Disease Center. Brains used for immunostaining included 10 AD and 5 controls. For immunostaining, brains were fixed in formalin solution. Blocks of tissues were removed and embedded in paraffin and coronal sections used for immunostaining. Brains used for Western blot analysis included 13 AD and 10 controls. Fresh frozen tissues were used for Western blot analysis.
Immunohistochemistry
After paraffin removal and hydration of tissue sections through xylenes and a graded alcohol series, brain sections were treated with antigen retrieval buffer (25 mM Tris, 3 mM KCL, 140 mM NaCl, 1 mM EDTA, and 0.05% Tween 20 in distilled water) for 20 min at 95 • C. Sections were then treated with 3% H 2 O 2 in PBS for 20 min to quench endogenous peroxidase activity. After blocking nonspecific sites with blocking buffer (2% horse serum, 1% BSA, and 0.3% Triton 100 in 0.1 M PBS), sections were incubated with primary antibodies overnight at 4 • C. The secondary antibody was a biotinylated goat anti-mouse or goat anti-rabbit IgG (1:200 dilution, Vector Labs, USA) depending on the primary antibody species. The antibody complex was detected using the peroxidase ABC system with diaminobenzidine (DAB) as the substrate according to the manufacturer's instructions (Vector Labs). Primary antibody was omitted to assess non-specific staining of the secondary antibody.
Immunofluorescence
After paraffin removal and antigen retrieval as above, brain sections were treated for autofluorescence using Autofluorescence Eliminator Reagent (Millipore, USA) according to the manufacturer's instructions. After blocking nonspecific sites, sections were incubated with primary antibodies. Goat antimouse or goat anti-rabbit Alexa Fluor ® 488 or 594 conjugated antibodies (Invitrogen, USA) were used for secondary antibodies depending on the primary antibody species. Slides were cover slipped with a medium containing DAPI (Vector Labs, USA).
Antibodies used for immunocytochemistry
Primary antibodies were diluted at 1:500 unless otherwise stated. Primary antibodies included: mouse monoclonal antibodies against MBP (Millipore, MBP382, epitope 129-138, 1:10 dilution), A␤PP (Millipore, MAB348, epitope 66-81, 1:2,000 dilution), A␤ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] (Covance), A␤ [17] [18] [19] [20] [21] [22] [23] [24] (Covance), A␤ (Covance), and neurofilament (NF) (Millipore, MAB5254, Anti-Neurofilament 160 kDa Antibody, 1:1,000 dilution); and rabbit polyclonal antibodies that detected a degraded myelin basic protein complex we call dMBP (Millipore, AB5864, specificity: recognizes MBP in demyelinated areas of brain, MBP epitopes 69-86) and microtubule-associated proteins 1A/B light chain 3B precursor (LC3b, 3868S, Cell Signaling).
FSB staining
FSB (Millipore) ((E, E)-1-fluoro-2,5-bis (3-hydroxycarbonyl-4-hydroxy) styrylbenzene), a derivative of Congo red, was used to stain amyloid plaques as described previously [26] . After immunostaining, sections were immersed in 1 M FSB for 20 min, then rinsed in PBS and examined with fluorescence microscopy.
Slides for immunohistochemistry, immunofluorescence, and FSB staining were examined under a Nikon Eclipse E600 microscope (Nikon Corp, Japan). Images were captured using SPOT 4.6 imaging software (Diagnostic Instruments Inc. San Francisco, CA). Fluorescent microscopy was conducted at excitation/emission wavelengths of 493/520 (for green fluorochrome Alexa 488) or 590/619 (for red fluorochrome Alexa 594) nm or 358/463 nm (for fluorochrome FSB or DAPI).
Western blot analysis
Brain tissue from the superior temporal gyrus gray matter was removed and frozen at −70 • C. Frozen tissues were homogenized in ice-cold RIPA buffer containing a complete protease inhibitor mixture (Sigma). Homogenates were centrifuged at 14,000× g for 30 min at 4 • C. The protein in the supernatant was loaded (25 g each) onto lanes and separated on 10% SDS polyacrylamide gels and transferred to nitrocellulose. The membranes were probed overnight at 4 • C with anti-MBP (1:2,000 dilutions) or antidMBP (1:1,000 dilutions) antibody separately. Primary antibody was detected using horseradish peroxidaseconjugated anti-rabbit or anti-mouse IgG (Bio-Rad). The signal was detected using the ECL chemiluminescent detection system (PIERS Inc.). Blots were imaged on the Fluorchem 8900 system (Alpha Innotech). ␤-actin was used as a loading control. The ratio of the intensity of MBP band or dMBP band to that of ␤-actin band was quantified with NIH Image J software. Band intensity was expressed relative to the intensity of the band in the control samples.
Protein co-immunoprecipitation
Protein-protein interactions were performed using co-immunoprecipitation (Co-IP) with specific dMBP, A␤PP, or A␤ antibodies. IP products from antibodies against dMBP, A␤PP, or A␤ were used to evaluate the protein-protein interactions between dMBP and A␤PP/A␤ . In addition, the IP product from an antibody against A␤ was used for mass spectrometry analysis [27] to determine the proteins that co-immunoprecipitated with A␤ and therefore either bound directly or indirectly to A␤ . Twenty l of rabbit polyclonal antibody specific for dMBP (recognizes epitopes 69-86) or mouse monoclonal antibody against A␤PP or A␤ 1-42 was added directly to 100 g of the protein samples of control and AD brains. The mixture of antibody and proteins was incubated with rotation at 4 • C for 4 h. Then 20 l of protein G sepharose beads was added to the mixture and incubated with rotation at 4 • C overnight. The mixture was then centrifuged at 600× g at 4 • C for 30 s. After centrifugation, the supernatant was removed and the beads were washed with RIPA buffer five times. After washing, the precipitated proteins were eluted with loading buffer and analyzed by Western blotting. A control was carried out using normal rabbit or mouse IgG that replaced the specific antibodies.
LC-MS\MS analysis
IP was performed using mouse monoclonal antibody against A␤ 1-42 from a sample of superior temporal gyrus of AD brain. Immunoprecipitated proteins were digested first by washing the beads five times with 50 mM ammonium bicarbonate (AMBIC). Trypsin was then added in a ratio of 1:30 (enzyme:protein) and samples were digested overnight at room temperature. The next day, the IP beads were pelleted by centrifugation and the supernatant was collected. TCEP (Thermo Scientific) was added to a final concentration of 10 mM to reduce cysteine bonds, and samples were incubated for 10 min at 90 • C. Reduced cysteine residues were then alkylated for 1 h at room temperature with the addition of iodoacetamide (IAA) to a final concentration of 15 mM. 5 mM of dithiothreitol was added to quench the IAA reaction. Samples were then cleaned up by solid phase extraction using HyperSep Tips (Thermo Scientific).
LC separation was done on a Proxeon Easy-nLC II HPLC (Thermo Scientific) with a Proxeon nanospray source. The digested peptides were reconstituted in 2% acetonitrile/0.1% trifluoroacetic acid and 10 l of each sample was loaded onto a 100 m × 25 mm Magic C18 100Å 5U reverse phase trap where they were desalted online before being separated on a 75 m × 150 mm Magic C18 200Å 3U reverse phase column. Peptides were eluted using a gradient of 0.1% formic acid (A) and 100% acetonitrile (B) with a flow rate of 300 nL/min. A 60-min gradient was run with 5% to 35% B over 45 min, 35% to 80% B over 5 min, 80% B for 1 min, 80% to 5% B over 1 min, and finally held at 5% B for 8 min.
Mass spectra were collected on an Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific) in a data-dependent mode with one MS precursor scan followed by 15 MS/MS scans. A dynamic exclusion of 5 s was used. MS spectra were acquired with a resolution of 70,000 and a target of 1 × 10 6 ions or a maximum injection time of 20 ms. MS/MS spectra were acquired with a resolution of 17,500 and a target of 5×10 4 ions or a maximum injection time of 250 ms. Peptide fragmentation was performed using higher-energy collision dissociation with a normalized collision energy value of 27. Unassigned charge states as well as +1 and ions >+5 were excluded from MS/MS fragmentation. The methods follow standard protocols [28] .
MS data analysis
Tandem mass spectra were extracted and charge states were deconvoluted and deisotoped. All MS/MS samples were analyzed using X! Tandem (The GPM, http://thegpm.org/; version CYCLONE (2013.02.01.1)). X! Tandem was set up to search the Uniprot Human reference database (May, 2013; 20252 entries) plus an equal number of reverse sequences and 60 common laboratory contaminant proteins, using the digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20 PPM and a parent ion tolerance of 20 PPM. Carbamidomethyl of cysteine was specified in X! Tandem as a fixed modification. Glu->pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, gln>pyro-Glu of the N-terminus, oxidation of proline, dioxidation of methionine and tryptophan and acetyl of the N-terminus were specified in X! Tandem as variable modifications.
Scaffold (Scaffold 4.3.2, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be established at greater than 20.0% probability to achieve an FDR less than 5.0% and contained at least 1 identified peptide. Protein probabilities were assigned by the Protein Prophet algorithm [28] . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. Using these parameters, a false discovery rate was calculated at <1% on the peptide level and <5% on the protein level for samples searched against the Uniprot Human reference database.
Statistical analysis
Differences between groups were analyzed using a Student t-test (continuous), Wilcoxon-Mann Whitney test (ordinal) or Fisher Exact test (categorical). A P value ≤0.05 was considered significant.
RESULTS
Patient characteristics
Characteristics of the 23 AD and 15 control patients are shown in Supplementary Table 1. There were no significant differences in gender or age for AD (79.8 ± 1.9) compared to controls (80.5 ± 1.2). The postmortem interval (PMI) for the AD patients was 13.3 ± 3.5 h and the PMI for the control subjects was 16.8 ± 4.4 h, which were not significantly different (p = 0.27). The median Braak and Braak stage [22] was 6 in the AD patients, and 2 in the cognitively normal controls which were significantly different (p < 0.001). There were significant differences of CERAD plaque scores in AD compared to control patients, with 20/23 AD patients and 0/15 controls having CERAD plaque scores of C (Supplementary Table 1 ). Most AD cases had severe, late stage pathology.
Myelin injury occurred in AD and aged control brains
In preliminary studies we identified the molecular weight of MBP (∼19 kDa) and the degraded myelin basic protein complex we call dMBP (∼37 kDa) in two separate experiments (Supplementary Figure 1) . To better compare MBP and dMBP levels, we performed double staining of MBP and dMBP in the same membrane ( Fig. 1 ). Using the intact MBP antibody, we identified a protein with a 19 kDa molecular weight by Western blot analysis in both control and AD brains (Fig. 1A, Supplementary Figure 1 ). The overall expression of 19 kDa MBP is significantly increased in AD brains compared to controls (Fig. 1A , B, p < 0.05). Of interest, there was one AD case ( were shorter than the average PMI in the groups they belonged to (AD: 13.3 ± 3.5 h; control: 16.8 ± 4.4 h). This suggested that the PMI was not a main factor contributing to differences of MBP and dMBP in these cases.
Using an antibody that has been shown to specifically detect damaged white matter by immunocytochemistry in human AD brain [29, 30] (see discussion), we identified a ∼37 kDa molecular weight band by Western blot analysis in both control and AD brains (Fig. 1A ). An additional protein band at ∼42 kDa was found mostly in AD brains (Fig. 1A) . For the purposes of this study, we call the ∼37 kDa and ∼42 kDa bands degraded myelin basic protein complexes and abbreviate this as dMBP. It is important to emphasize that the antibody to dMBP detected bands at ∼37 kDa or ∼42 kDa but not at ∼19 kDa; whereas the antibody to intact MBP only detected bands around 19 kDa, but not at ∼37 kDa or ∼42 kDa (Supplementary Figure 1 ). Thus, this is why we believe the dMBP antibody is detecting MBP complexes, where degraded MBP (or less likely intact MBP) is bound to other proteins (see discussion).
The blots showed the ∼37 kDa dMBP band was much more prominent in AD brains than in controls (Fig. 1A) , and this was confirmed by quantification of the bands (Fig. 1B , middle panel, * * * p < 0.001). Additionally, the ratio of band intensities of dMBP over MBP is much larger in AD compared to control (Fig. 1B , lower panel, * p < 0.05).
Some controls did not have the ∼37 kDa dMBP band (Fig. 1A) . The ∼42 kDa dMBP band was observed in most AD brains and several controls, though not all AD cases had the ∼42 kDa dMBP band (Fig. 1A) . It is notable that the AD case with little intact MBP (black arrow, Fig. 1A, lower panel) . These data support the possibility that loss of intact MBP led to increased levels of dMBP in these two subjects. As noted above, PMI did not correlate with this break down.
Accumulation of MBP in pyramidal neurons of AD brains
We next sought to localize intact MBP and dMBP in the cortical gray matter samples. Using the antibody that detected intact MBP, MBP stained myelin sheaths were apparent throughout the cortex of control subjects (Fig. 2A1) . In contrast, only sparsely stained MBP myelin sheaths were found in cortex of AD patients (Fig. 2B1 ). In addition, there was staining of intact MBP in the cell bodies of neurons in AD cortex ( Fig. 2B1 and 2B2, arrows), which was not observed in control cortex (Fig. 2A1, 2A2 ).
Using the antibody to dMBP, we observed myelin sheaths of variable size in the AD cortex (Fig. 2D1 , black arrows) with little or no staining seen in control brains (Fig. 2C1) . There was also a suggestion that dMBP was increased in the cytoplasm and nuclei of some neurons in cortex in AD brain (Fig. 2D2 ) compared to controls (Fig. 2C2) .
Since the dMBP data suggested damage to myelin sheaths, we examined the axonal protein NF. NF stained axons were prominent in control brain ( Fig. 3A1 ) with less discrete NF axonal staining in AD brain (Fig. 3B1 ). In addition, there appeared to be an increase in NF staining in AD neurons in cytoplasm and perhaps even nuclei (Fig. 3B1, 3B2 ) compared to control cortex (Fig. 3A1, 3A2 ). These could represent neurofibrillary tangles or pre-tangles since tau was not examined in this study.
Autophagy of myelin sheaths in AD brains
The above data raised the possibility that the damaged axons and myelin sheaths could be degraded via autophagy [31, 32] . Therefore, we compared localization of MBP and the autophagy marker LC3B in control (Supplementary Figure 2A) and AD brains (Supplementary Figure 2B ). There was little expression of the LC3B protein in control cortex ( Supplementary Figure 2A2) . In contrast, the LC3B protein was expressed in AD cortex, with the LC3B protein (Supplementary Figure 2B2 ) and MBP protein (Supplementary Figure 2B1) being co-localized (Supplementary Figure 2B3) .
AβPP staining in damaged axons in AD brains
Fragmentation of axons occurred in the AD brain as indicated by discontinuous staining of the axonal marker NF in the axons (Fig. 4B1, white arrows) . In addition, immunostaining for A␤PP appeared to be associated with fragmented axons in AD brain (Fig. 4B2) since A␤PP co-localized with axonal NF staining (Fig. 4B3) . In control brains NF stained axons were observed (Fig. 4A1) though there was no A␤PP staining observed in these axons (Fig. 4A2, 4A3 ).
Molecules associated with amyloid plaques in AD brains
We next examined the relationship of the above molecules with amyloid plaques in AD brain. Staining for intact MBP showed multifocal MBP staining (yellow arrows, Fig. 5A ) at the margins of amyloid plaques (outlined with red arrows, Fig. 5A ) but not in the core of the plaque (blue arrow, Fig. 5A ). Some plaques had aggregates of NF stained axons/neurons (Fig. 5B, red  arrow) . Most plaques demonstrated A␤ 1-42 staining of the plaque core (Fig. 5C, blue arrow) . Of interest A␤ did not stain in neurons adjacent to plaques (Fig. 5C, black arrows) . In contrast, A␤ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] (Fig. 5D) , A␤ [17] [18] [19] [20] [21] [22] [23] [24] (Fig. 5E ), and A␤PP (Fig. 5F ) are identified both in amyloid plaques (Fig. 5D, 5E , and 5F, red arrows) and neurons (Fig. 5D, 5E , and 5F, black arrows) in AD brain.
dMBP, MBP, and NF associate with amyloid plaques
Given the above data we directly examined the relationships between amyloid plaques (stained with FSB [26] or A␤ ) and MBP, dMBP, and NF in AD brain (Fig. 6) . Some of the MBP aggregates in AD cortex (Fig. 6A2) were found within FSB stained plaques (Fig. 6A1, yellow arrows) whereas the majority were adjacent to FSB stained plaques (Fig. 6A1 and 6A3 , white arrow). The NF stained aggregates (Fig. 6B2 , white arrows) were also located at the periphery of the FSB stained amyloid plaques (Fig. 6B1 , white arrows) with the NF staining generally not co-localizing with the FSB stained plaques (Fig. 6B3, white arrows) . In contrast, we found that some foci of dMBP in AD cortex (Fig. 6C2 , white arrows) occurred in association with A␤ 1-42 aggregates (Fig. 6C1, arrows) and that the dMBP and A␤ 1-42 were co-localized (Fig. 6C3,  arrows) . Fig. 2 . Immunohistochemistry of MBP and dMBP in the cortex of control and AD brains. In controls, MBP was predominantly stained in the myelin sheaths of cortex (A1). In contrast, soma of the pyramidal neurons showed accumulation of intensively stained MBP (B1 and B2, arrows) in AD brains compared to controls (A2, arrow). Using an antibody specifically against degraded MBP, we detected degraded myelin protein in the giant myelin sheaths (D1, arrows), soma and nuclei (D2, arrows) of pyramidal neurons of AD brains. In controls, dMBP was also detected in the nuclei of the pyramidal neurons (C1 and C2). Brown, positive staining; MBP, myelin basic protein; dMBP, degraded myelin basic protein complex; AD, Alzheimer's disease. Bar = 25 m. Fig. 3 . Immunohistochemistry of NF in the cortex of control and AD brains. In controls, NF was stained in axons (A1 and A2, arrows) of neurons. NF was also stained in the soma of the pyramidal neurons (B1 and B2, arrows) of AD brains. In addition, the proximal portions of axons were thickened in the AD brain (B2). Brown, positive staining; NF, neurofilament; AD, Alzheimer's disease. Bar = 25 m. Fig. 4 . Axonal injury associated with A␤PP staining in AD brains. Axonal fragmentation was observed (B1, white arrows) in AD brain by immunofluorescence staining of an axonal marker, NF. A␤PP was associated with these fragmented axons (B2 and B3, white arrows). In the areas where axonal fragmentation was severe or large areas of axons were lost (B1, yellow arrows), A␤PP aggregates were observed (B2 and B3, yellow arrows). In control, NF was localized in axons or bundles of axons (A1) that did not stain for A␤PP (A2 and A3). NF, neurofilament; A␤PP, amyloid-␤ protein precursor; AD, Alzheimer's disease. Bar = 25 m. Fig. 5 . Immunostaining of myelin/axonal aggregates and amyloid aggregates in AD brains. Myelin aggregates (A, yellow arrows) were observed in plaque-like structures (A, blue arrow surrounded by red arrows). MBP aggregates were localized in the halo (A, surrounded by red arrows), but not the core (A, blue arrow) of the plaque. Using the axonal marker, NF, we detected axonal aggregates (B, red arrow). The axons were tangles in the center while their somata orientated to the periphery (B, yellow arrows). A␤ was not stained in the pyramidal neurons (C, black arrows), but A␤ 1-42 did stain in the core (C, blue arrow surrounded by red arrows) of the plaque. In addition, short fragments of A␤ such as A␤ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] (D) and A␤ [17] [18] [19] [20] [21] [22] [23] [24] (E), as well as A␤PP (F) were identified both in the plaques (D, E, F, red arrows) and pyramidal neurons (D, E, F, black arrows). Brown, positive staining; MBP, myelin basic protein; NF, neurofilament; A␤PP, amyloid-␤ protein precursor; A␤, amyloid-␤; AD, Alzheimer's disease. Bar = 25 m.
Interaction of dMBP with AβPP or Aβ 1-42 in AD and aged control brains
Immunoprecipitation (IP) was performed using the dMBP antibody (used in Fig. 1 ) in both AD (n = 4) and control (n = 4) brains. The IP product was immunoblotted with an A␤PP antibody to demonstrate the interaction between A␤PP and dMBP (Fig. 7) . Two bands (∼32 kDa and ∼27 kDa) were detected in both control and AD brains (Fig. 7A, upper band a, lower  band b) . The density of the two bands was generally greater in each AD brain compared to control brains (Fig. 7A) . Quantification confirmed more protein in both bands in AD compared to control brains (Fig. 7B, * p < 0.05 for upper band a, and * * * p < 0.001 for lower band b). We also performed controls in which immunoprecipitation was performed using IgG in PBS and in the control brain sample and AD brain sample followed Fig. 6 . Myelin/axonal aggregates in the amyloid plaques of AD brains. In FSB positive amyloid plaque (A1 and A3, yellow arrows), myelin aggregates (A2 and A3, arrows) were observed. Note that some MBP aggregates (A2 and A3, yellow arrows) are located in the amyloid plaque whereas other MBP aggregates (A2 and A3, white arrows) were adjacent, but not within the FSB + plaques. Similar NF + aggregates (B2 and B3, arrows) were observed in AD brain as well. These NF + aggregates were frequently located in the periphery of the FSB + amyloid plaque (B1, arrows). In addition, dMBP aggregates (C2, arrows) were identified in A␤ 1-42 + plaques (C1 and C3, arrows) with dMBP and A␤ 1-42 being co-localized (C3). MBP, myelin basic protein; dMBP, degraded myelin basic protein complex; A␤, amyloid-␤; NF, neurofilament; FSB, (E, E)-1-fluoro-2,5-bis (3-hydroxycarbonyl-4-hydroxy) styrylbenzene; AD, Alzheimer's disease. Bar = 25 m.
by immunoblotting for A␤PP (Fig. 7A, right side) . This showed a ∼28 kDa band in control and AD brain, but not in PBS. These data are discussed below.
To further confirm the interaction of dMBP with A␤PP/A␤ 1-42 , we performed a reciprocal experiment of IP using anti-A␤PP or anti-A␤ 1-42 antibody (Fig. 7C) . Immunoblots of the IP products with the dMBP antibody reveals the interaction of A␤PP and A␤ with dMBP as indicated by detecting a ∼27 kDa protein in both AD and control brains (Fig. 7C , A␤PP and A␤ ). This ∼27 kDa protein appears to have the same molecular weight as the dMBP IP blotted with an antibody to A␤PP in Fig. 7A , and thus this may be the same protein. That is, the same molecular weight species is observed whether A␤PP or A␤ 1-42 IP products are blotted with antibody to dMBP, or whether the dMBP IP products are blotted with antibody to A␤PP (Fig. 7A, band b) .
Aβ 1-42 associated proteins from LC-MS\MS analysis
MS analysis of the A␤ 1-42 immunoprecipitation product showed that A␤ 1-42 interacted with 186 proteins which include MBP, heat shock proteins, A␤PP, ApoE, Tau, MAP1B, CNPase, neurofilament heavy polypeptide, and neurofilament light polypeptide ( Table 1 ). Note that the percentage of total spectra of MBP (0.04%), neurofilament light polypeptide (0.04%), and neurofilament heavy polypeptide (0.02%) was higher than that of A␤PP (0.01%) and tau (0.01%). 
DISCUSSION
Axonal and myelin damage were detected in the superior temporal gyrus gray matter of AD brain. Evidence of axonal injury in AD cortex included localization of NF at margins of plaques and appearance of A␤PP in injured axons. Evidence of myelin damage in AD cortex included localization of dMBP in the myelin sheaths, localization of MBP at margins of plaques, and co-localization of dMBP with A␤ in plaques. These data could indicate that amyloid is toxic to axons and myelin, and proteins from these then associate with the amyloid plaques after they form. However, since recent studies show that MBP can bind and degrade A␤ [24, 33, 34] , we postulate that dMBP can bind A␤PP and A␤ and possibly participate in the formation of amyloid plaques in AD brain. This hypothesis is supported by data that myelin damage can precede cognitive decline and amyloid plaque formation in humans [9, 10, 12, 35] and by data indicating myelin abnormalities precede amyloid and tau pathology in a transgenic AD mouse model [36] .
Myelin damage in AD brains
Progressive loss of myelin integrity occurs in healthy adults after middle age in late myelinating regions such as the frontal lobe [10] . Loss of myelin staining has been demonstrated in aged animals as well [37, 38] . The loss of myelin with aging in humans is supported by this study which shows that dMBP is detected in many but not all "normal aging" brains.
On top of the normal myelin loss with aging, a number of imaging and pathological studies have shown greater myelin loss and breakdown in AD compared to age-matched controls [10, 14, 16, 20, 39] . Specifically, there is less intact MBP in AD white matter compared to controls [40] . Our recent study using the same antibody to detect dMBP showed increased dMBP positive vesicles in the periventricular white matter of AD patients compared to age-matched controls [30] . These dMBP positive vesicles co-localized with PAS and were identified as corpora amylacea, which are increased in AD brain [41] . The current study extends our previous findings by showing that there is an increased amount of dMBP in gray matter of AD brains compared to age-matched cognitively normal controls. This finding is consistent with prior studies documenting myelin and lipid changes in the gray matter of AD brain [9, 19, 42, 43] .
What the antibody to dMBP detects
The antibody to dMBP used in this study detects a ∼37 kDa band on Western blots that is larger than intact MBP (∼19 kDa). This rabbit polyclonal antibody (Millipore, AB5864) was raised to a synthetic peptide corresponding to amino acids 69-86 of the guinea pig MBP (http://www.millipore.com/ catalogue/item/ab5864). The dMBP antibody has been used in at least five different studies for immunocytochemistry and shown not to recognize intact myelin but only damaged myelin in several different species. It has been used to detect damaged myelin in aging and AD human brain by others [29] , and we have previously shown that it does not stain normal myelin but only stains damaged myelin and myelin vesicles in white matter of human AD and control brains [30] . Since the current study also shows that it does not stain normally myelinated axons in control or AD gray matter, this raises the question of what exactly does this antibody recognize?
Although the antibody to dMBP stains a protein at ∼37 kDa that is about double the size of intact MBP, the dMBP protein is unlikely a dimer of MBP since it is not detected by the antibody to intact MBP. Therefore, we postulate that the antibody to dMBP used in this study probably detects some fragment of MBP (degraded MBP/dMBP) which is complexed with one or more molecules. Our data show that the dMBP detected by this antibody co-immunoprecipitates with A␤PP. Though A␤PP has a predicted molecular weight of 86.9, our A␤PP antibody detects cleavage products of A␤PP including cleaved A␤PP molecules in the 20-30 kDa range (data not shown). Thus, one possibility is that the dMBP antibody detects a complex of dMBP and cleaved A␤PP. Whatever portion of dMBP is recognized by the dMBP antibody in this study, it is not recognized by the antibody to intact MBP used in this study which was raised to intact bovine MBP and recognizes amino acids 129-138 of MBP (http://www.millipore.com/ catalogue/item/mab382). Thus the dMBP antibody used in this study likely detects a degraded MBP protein that does not include amino acids 129-138, and this degraded MBP protein is complexed to at least one other protein, possibly cleaved A␤PP. We use the dMBP abbreviation for this degraded myelin basic protein complex.
AD neurons contain MBP, dMBP, and NF
A pathological hallmark of AD neurons is the presence of aggregates of hyper-phosphorylated tau protein known as neurofibrillary tangles [44, 45] though tangles have been demonstrated in other neurological disorders [46, 47] including traumatic brain injury [48] . Cognitive impairment in AD correlates with the extent of neurofibrillary tangles [49] . This study demonstrates additional abnormal axonal and myelin proteins in AD neuronal cell bodies including NF, MBP, and dMBP. These could be transported into cell bodies from adjacent injured axons, or might represent abnormal accumulations of these proteins in neurons with injured axons. Neuronal intracellular MBP often occurred in areas where MBP disappeared from the axons, which suggests that neuronal MBP may be from myelin sheaths of the injured axons.
Increased levels of MBP protein in AD cortex have been reported in at least one previous study [50] . Thus, our results confirm that the levels of MBP and dMBP are increased in AD cortex compared to controls. The mechanism by which that MBP levels were higher in AD compared to control remains unclear. It is possible that MBP/myelin injury is associated with remyelination which increases total MBP in AD brain. In addition, we cannot rule out the possibility that the increase in "MBP" observed in AD brain is due to induction of Golli-MBP proteins that are normally expressed in neurons.
AβPP appears in injured axons in AD brain
Evidence for axonal injury in this study is supported by fragmented NF staining, and the co-localization of the fragmented NF staining in axons with staining for A␤PP. A␤PP occurs in neurons of normal adult cortex and in neurons in AD cortex [51] . Of interest, A␤PP has been identified as a reliable axonal injury marker in traumatic brain injury [52] [53] [54] [55] [56] [57] . Indeed, we found A␤PP appeared in injured axons in AD brain but not in normal axons in control brains presumably because it accumulates at sites of axonal injury with impaired axonal transport of the A␤PP.
Because of the abnormal appearance of A␤PP in axons in AD brain, we examined localization of shorter peptide products. N-terminal short fragments including A␤ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and A␤ [17] [18] [19] [20] [21] [22] [23] [24] were found in pyramidal neurons in AD brains, whereas A␤ was not identified in pyramidal neurons of AD brains. Since the antibodies to A␤ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and A␤ 17-24 might also detect A␤PP, these data are difficult to interpret. However, they might suggest that AD pyramidal neurons process A␤PP/A␤ 1-16 /A␤ 17-24 differently than A␤ . Alternatively, A␤ 1-42 might be rapidly cleared from neurons and not be detectable immunocyto-chemically. These findings are consistent with a substantial literature showing that A␤ peptides and A␤PP can be found in neurons in AD brains with some investigators suggesting intracellular A␤/A␤PP being involved in AD pathogenesis [58] .
MBP, dMBP, and Aβ 1-42 in amyloid plaques
Recent evidence has demonstrated that A␤ and especially A␤ is generated from A␤PP during autophagic turnover of A␤PP-rich organelles supplied by both autophagy and endocytosis [59] . During autophagy, organelles are sequestered into auto-phagosomes that fuse with lysosomes as autophagolysosomes where organelles are processed or degraded. Proteases in lysosomes such as cathespins can cleave A␤PP to produce A␤ [59, 60] and cathespins have been identified in the amyloid plaques. Since we find the lysosomal marker LC3b associated with myelinated axons, and A␤PP appears in fragmented axons in AD brain, it is possible that one source of A␤PP derived A␤ in amyloid plaques is from fragmented axons where A␤PP is accumulated.
Fragmentation of myelinated axons may contribute to amyloid plaque. This idea is supported by the localization of MBP and dMBP with amyloid plaques in this study. MBP was present at the margins of amyloid plaques whereas dMBP co-localized with A␤ in the plaque core. The association of dMBP with A␤ is consistent with recent biochemical studies [24, 33, 34] . MBP is previously identified as a novel A␤ chaperone protein that binds A␤ and is an inhibitor of A␤ fibrillary assembly via residues 54 to 64 in MBP [24, 33, 34] . Moreover, intact purified MBP can degrade A␤ protein and peptides, whereas degraded MBP lacking autolytic activity cannot degrade A␤ 40 or A␤ 42 [33] . Recently, a study in bigenic Tg-5xFAD/MBP −/− mice shows a significant decrease of insoluble A␤ and decreased parenchymal plaque deposition at an early age [61] . These studies suggest that some form of MBP is necessary for plaque formation. Since MBP is completely knocked out in bigenic Tg-5xFAD/MBP −/− mice, it is hard to know whether intact MBP or degraded MBP is involved in A␤ deposition in the amyloid plaques in that model.
It is notable that neither MBP nor NF co-label with FSB stained amyloid, which might mean they are both intracellular. Thus, based upon these facts and our data we postulate that intact intracellular MBP at the margins of plaques might degrade A␤ and limit amyloid formation whereas extracellular degraded MBP might bind A␤ but not degrade it, thus possibly contributing to formation of plaques.
MBP could also be involved in amyloid plaque formation via additional mechanisms. LRP1 is a major receptor for A␤PP endocytosis [62] and a major efflux transporter for A␤ across the blood-brain barrier [63] . LRP1 has also been found to be an essential receptor for endocytosis of degraded myelin and LRP1 directly binds intact MBP [64] . Thus, if dMBP also binds LRP1 and dMBP increases in AD brain, it would compete with A␤ for transport by LRP1, which could decrease A␤ clearance from the brain to blood. Finally, A␤ is toxic to myelin-producing oligodendrocytes [35, 65] which could contribute to formation of additional MBP and dMBP in AD cortex. A myelin-associated enzyme, 2 ,3 -Cyclic-nucleotide 3 -phosphodiesterase (CNPase), is expressed exclusively by oligodendrocytes in the central nervous system. In the current study, the mass spectroscopy analysis shows an interaction of A␤ with CNPase as well as MBP, which suggests that several oligodendrocyte proteins associate with amyloid plaques in AD brain. An interaction between dMBP and A␤PP is suggested by the co-immunoprecipitation experiments. Given a molecular weight of full length A␤PP of 87 kDa and a molecular weight of MBP of 18-21 kDa, the ∼27 kDa band may be a complex of dMBP and cleaved A␤PP (cA␤PP). If so, the dMBP-cA␤PP complex is observed in control brain, but is found at higher levels in AD brain. The cA␤PP complexed with dMBP may contain the A␤ 1-42 fragment since a protein with similar molecular weight is also detected in the A␤ IP product immunoblotted with the dMBP antibody.
Interaction of dMBP with AβPP and Aβ
In the control co-immunoprecipitation experiment using an antibody to IgG for the pull down, a ∼28 kDa band is detected on the A␤PP immunoblot in control and AD brain but not in the PBS lane. This suggests that IgG light chain or a light chain fragment binds a cleaved fragment of A␤PP resulting in a ∼28 kDa complex.
IgG has been detected in specific populations of cortical pyramidal neurons that appear to be degenerating in AD brains [66] . Moreover, a recent study has shown that IgG positive neurons in AD brains are dying via the classical antibody-dependent complement pathway [67] . Therefore, these data support the possibility that IgG might interact with cA␤PP in addition to cA␤PP interactions with dMBP in AD brains. Future studies will be needed to determine whether these interactions might mediate cell death and/or axonal and myelin injury in AD brain or are the result of cell injury.
Additional evidence for MBP interacting with A␤ came from the MS studies. Using an antibody to A␤ for immunoprecipitation, we find that the IP product contained MBP as well as neurofilament proteins, tau, and heat shock proteins. Indeed, the relative amounts of MBP were greater than A␤PP and tau.
Limitations of the study
This study has several limitations. These findings are associations, and thus cause and effect cannot be established. Future studies will need to assess whether MBP and/or dMBP also associate with diffuse, compact, or immature senile plaques; whether the same findings apply to other brain regions including those less affected in AD brain; and whether MBP/dMBP associate with amyloid plaques early in the disease course. Indeed, since all of the brains in this study were late stage, it is not possible to state whether dMBP and MBP might participate in formation of amyloid plaques, or whether dMBP and MBP are only deposited in plaques once they are fully formed.
The data are based upon postmortem brain tissue and thus conclusions must be tempered by the possibility that some findings related to postmortem changes. However, since the postmortem intervals were similar for the AD and control brains, it seems unlikely that the differences for dMBP, MBP, A␤PP, and A␤ between AD and control brains found here were related to postmortem changes.
Future studies should also assess whether MBP and/or dMBP associate with tau, though tau and MBP were both pulled down in the IP product with an antibody to A␤ 1-42. Though a relationship between damaged axons and myelin and amyloid plaques is shown here, details of their interactions remain unclear. It will be interesting to determine if animal AD models show an association between dMBP/MBP and amyloid plaques which appears to be the case in our preliminary unpublished studies.
